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Design and manufacture of synthetic pinnee for studying head-related
transfer functions (HRTFs)
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ABSTRACT

A major obstacle in investigating the relationship between the anthropometric proper-
ties of an individual’s pinnae and their corresponding head-related transfer function
(HRTF) is the inability to perform controlled experiments free from other confounding
factors. We propose a method for performing these experiments by manufacturing a
digitally-altered replica pinna. The process involves 3D-scanning a real pinna, perform-
ing the desired alterations, manufacturing the replica, and measuring the acoustic
properties of the replica. Here, we describe our design and manufacturing method-
ology, 3D printing a mold of the altered pinna, which is then used to make a silicone
casting, as well as our acoustic measurement apparatus and procedures. To demon-
strate the effectiveness of our process, we manufactured an unaltered pinna replica
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and show that the replica has acoustic properties comparable to the original within
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1. Introduction

One of the most important aspects of human hearing is the sense of sound localization, the ability to
determine where a sound originates. The ability to stimulate this sense artificially has the potential to
improve users’ immersion and situational awareness. Although improved acoustic fidelity has a compar-
able effect on the user’s immersion as improvements in visual and tracking fidelity, most virtual reality
work to date has been in these latter areas, with relatively little attention paid to presenting an accurate
soundscape (Cummings & Bailenson, 2016); incorporating individualized acoustic rendering will further
enhance the feeling of presence in the virtual environment. In an augmented reality context, it can
enhance safety by directing the user’s attention to something outside their current field of vision. This
enhancement has been successfully applied in some military applications (Bronkhorst, 1995), but wider
adoption is blocked in part by a lack of an economical solution for obtaining individualized head-related
transfer functions (HRTFs).

In addition to the enhancement of virtual and augmented reality systems used for job training
(Ajmera & Gonen, 2020), individualized auditory displays have a wide variety of applications within the
healthcare sector. In bandwidth-limited telehealth environments, spatial auditory displays are a more
effective use of limited bandwidth than visual displays (Liu & Meng, 2007). An accurate characterization
of how an individual’s pinnze affect the sound waves that reach their ear canal will also allow in-ear
assistive devices for the hearing-impaired to identify the direction of incoming sounds and alert the
wearer to dangers outside their current field of vision (Denk et al., 2018). Adding auditory feedback
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systems improves the engagement of stroke patients in neurorehabilitation activities (Rosati et al., 2011).
Spagnol et al. incorporated personalized spatial audio displays into electronic travel aids (ETAs) (Spagnol,
Wersényi, et al., 2018), resulting in an effective wayfinding system for visually-impaired individuals
(Spagnol, Hoffmann, et al.,, 2018). Visually-impaired individuals can also navigate by way of echolocation,
and spatial audio technology has enabled the development of a safe training environment that contains
no physical obstructions (Andreasen et al.,, 2019).

The primary cues used to locate sound sources in the horizontal plane are the interaural time
delay (ITD) for low frequencies (Rayleigh, 1909) and the interaural level difference (ILD) for high fre-
qguencies (Ferree & Collins, 1911). For sound sources outside the horizontal plane, the auditory sys-
tem relies on interference patterns generated by internal reflections within the pinna (Hebrank &
Wright, 1974). In particular, for any given source direction, some frequencies have a node located at
the entrance to the ear canal, producing a comb filter. The effects of this comb filter on incoming
sounds are interpreted to determine the direction of the sound source relative to the listener
(Baumgartner et al., 2014).

Given the far-field acoustic transfer function of a person’s body, known as their HRTF, it is possible to
accurately simulate sounds coming from any particular direction or combination of directions (Morimoto
& Ando, 1980). This reduces the problem to one of obtaining the relevant transfer function. Owing to
natural anatomical variation, each person has a unique HRTF; attempting to use a generalized HRTF pro-
duces inaccurate results (Bronkhorst, 1995). Individualized HRTFs are therefore desirable for all applica-
tions and are necessary for some (Jenny & Reuter, 2020).

Directly measuring a person’s individualized HRTF is costly. It requires access to an anechoic chamber,
specialized measurement equipment, and a significant amount of time. Developing a method to accur-
ately estimate an individualized HRTF using less costly means is currently a field of active research. Most
estimation approaches fall along one of two lines, either finding a good match from a database of
HRTFs via listening tests (Pelzer et al., 2020) or synthesizing an HRTF based on anthropometric measure-
ments (Grijalva et al., 2016). Both approaches have shown promising results, but they are still signifi-
cantly weaker than either directly-measured HRTFs or real-world localization performance.

At the Acoustic and Tactile Engineering (ACUTE) laboratory, we are pursuing this second approach for
generating synthetic HRTFs. As a part of this work, we would like to study the effects of particular
anthropometric properties in isolation. Unfortunately, the shape of human pinna has too many varying
properties to be able to construct a controlled series. While it may be possible to find a set of people
that form a good sample of one property, such as the distance between tragus and anti-tragus (see
Figure 1 for definition of terms), the effect of this property will likely be obscured by the effects of the
many other anthropometric variations that will necessarily be present.

Many researchers have likewise published studies attempting to isolate the effect of particular
pinna microfeatures on HRTFs with some success. Those that studied data from human subjects
(Algazi et al., 2001; Spagnol et al., 2013) consistently report that the confounding factors of other fea-
tures limit the power of their findings. Other researchers have taken a different approach of using
acoustic simulations to calculate the HRTFs of wholely synthetic pinnae (Katz, 2001; Ghorbal et al.,
2017; Guezenoc & Séguier, 2020). These studies do not suffer from the confounding effects, but suffer
slightly in showing that their simulated results actually reflect physical reality. The approach presented
here of manufacturing and taking practical HRTF measurements of digitally-specified pinnae is
designed to bridge the gap between these two approaches. It will enable the cross-checking of simu-
lated results via physical experiment, and its own accuracy can be verified by reproducing HRTFs of
exemplar pinnae. Though 3D printing of human pinnae has been extensively explored in the field of
reconstructive surgery (Humphries et al., 2022), we are unaware of any other efforts to apply these
techniques to HRTF research.

In this study, we aim to validate this approach by replicating a commercial pinna insert and demon-
strating that no acoustical anomalies are introduced during the process. Section 2 describes our
method of scanning, manufacturing, and measuring the HRTF of an artificial pinna. Section 3 then
describes the experiments we performed to validate the reliability and accuracy of our method, and
Section 4 discusses the implications of these results on future studies that rely on this method and
equipment.
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Figure 1. Anatomy of the human pinna. Reproduced from H. Gray and Lewis (1918), Plate 904.

2. Methodology

Our process, summarized in Figure 2, consists of generating a 3D model of a real pinna, manufacturing
a silicone insert of that model for a Knowles Electronic Manikin for Acoustic Research (KEMAR) (Burkhard
& Sachs, 1975) and measuring the HRTF of the KEMAR with the insert installed. In future studies, we
plan to also manufacture and measure the HRTF of synthetic pinna models, produced through digital
manipulation of these scanned pinnze. Section 2.1 describes our process of scanning a pinna and pro-
ducing the 3D model, Section 2.2 then describes how we manufacture a silicone insert in the shape of
that model, and Section 2.3 describes how we measure HRTFs.

2.1. 3D scanning and modelling

We start the process by scanning the pinna of volunteers with a Creaform Academia 50 handheld
optical scanner, depicted in Figure 3a, which provides a measurement accuracy of 0.25mm. Owing to
fundamental limitations of the scanner technology, it is impossible to scan every surface of the pinna.
The scanner requires a standoff distance of 400 mm from the target, which means that there are 23
degrees of parallax between the emitter and primary detector. As both of these must be able to see the
target surface at the same time to take a reading, narrow features present a particular problem: When a
concave feature’s depth is more than 240% of its width, the edges of the feature will always occlude
either the emitter or the detector from the deepest surfaces.

When scanning the pinna of live people, there are a couple of additional limiting factors to this scan-
ning process. Certain surface textures, in particular hair, do not reflect a clear enough image of the exci-
tation pattern to produce a reading. Also, the overall duration of the scan is limited based on the
subject’s ability to hold still. Unintentional motions will inevitably deform the subject’s face enough for
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Figure 3. Modelling process. (A) Creaform Academia 50 3D scanner, (B) Raw scan example with annotated defects, (C)
Final model.

the scanner software to lose its tracking such that it cannot be recovered. We mitigate this somewhat
by using the scanner software’s semi-rigid tracking mode which automatically corrects for small defor-
mations that occur during the scan.

For the scan used in this study, we manufactured a scanning base to mount the commercial pinna
insert on. This base can be seen in the background of Figure 3b and features retro-reflective targets to
enhance the scanner’s tracking algorithm. This allowed the scanner operator to pause the scan and
freely reposition the object without losing tracking. Thus, the operator was able to see intermediate
scan results while the scan was in process to determine which areas were still unscanned, resulting in
the maximum possible scan coverage. In addition to the tracking mode, the scanning software only
offers two configuration parameters: The scan resolution, which was maximized at 1 mm, and the shutter
speed, which was left in automatic mode.

The resulting holes in the scanned mesh must be filled with synthetic data, as shown in Figure 3b. In
addition to these holes, the raw scans also exhibit other defects, such as spurious detections, rough sur-
face texture, or interpenetration by the back face of thin solids. These defects are corrected manually
with the aid of proprietary software that is provided by the scanner’s manufacturer. First, triangles repre-
senting free-floating surfaces and unnatural protrusions are deleted. Holes are then filled in high-
curvature mode, which ensures that the position, tangent, and curvature of the generated surface match
the scanned data at the boundary. Finally, the software’s smoothing tool is applied locally to any surfa-
ces which appear unnaturally rough.

The cleaned scan is then sent to a traditional CAD program, Rhino3D, which is used to create the
final pinna insert model, shown in Figure 3c. As part of this modeling process, the scanned data is con-
verted to a subdivision surface using Rhino3D’s QuadRemesh command with a target edge length of
1 mm, which produces an additional smoothing effect. This model is composed of three distinct parts:
The cleaned-up scan data (orange), mounting geometry (white), and a lofted surface (blue) to blend the
two together. The mounting geometry is designed to attach to KEMAR via an interference fit around
the microphone housing. The loft surface is tangent-matched to the scan data and position-matched to
the interface geometry, which results in a smooth transition between the side of the KEMAR head and
the scanned geometry.

2.2. Manufacturing

As the positive geometry is cast out of silicone, it is necessary to design a mold that will produce the
positive geometry described above. There are several practical concerns incorporated in the design of
this mold, the first of which is the ability to remove the casting from the mold once the silicone is
cured. Because silicone is quite flexible, most of the undercut details of the pinna do not cause a
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Figure 4. Multi-part mold design: (A) Mold box, (B) Pinna inner surface, (C) Pinna back surface, (D) KEMAR mounting geometry.

problem. The combination of a relatively thick helix surrounding a thin scapha, however, requires special
consideration: Attempting to pull the cast helix through the scapha void risks tearing the silicone, thus
destroying the casting.

2.2.1. Mold design
To address this problem, the mold has been designed in three parts, as shown in Figure 4: one that
defines the detail of the interior of the pinna (b), a second that fills the void between the pinna and the
face (), and a third that defines the interface geometry on the back side of the insert (d). These are gen-
erated by constructing parting surfaces around the helix, the interface perimeter, and the microphone
mount, and then subtracting the resulting mesh from the mold blank. This blank has been designed to
fit inside a mold box (a) with asymmetric rails to ensure proper alignment during the mold assembly.
The other major factor to consider when designing the mold is providing a sufficient pathway for the
displaced air to escape, so that the final casting is free of internal voids. Three primary escape routes
exist in the design presented here:

e Along the helix parting surface and then up the perimeter of the mold box,
e Through the parting surface around the microphone mount, and
e Through vents added to the backside of the interface.

These routes were selected such that the resulting flashing can be easily removed without disturbing
the most critical parts of the pinna geometry. The pinna is also oriented vertically in the mold so that
any air pockets that do form will naturally migrate away from the primary surface of the pinna towards
the mounting geometry, which is a less acoustically-critical region.

Each of the four mold parts has been designed with a planar face perpendicular to the mold assem-
bly direction; for printing, this face is oriented on the platen as shown in Figure 5a. This minimizes the
amount of support material necessary for the printing process. It also helps to prevent fitment problems
with the final assembly. Because all of the mold parts are printed within a common coordinate system,
any miscalibration of one of the printer’s axes will affect all parts uniformly.

The vents are cylindrical holes with a nominal diameter of 1 mm. We verify that the vents in the
printed part are clear using a set of pin gauges; the actual diameter of each vent in the example ana-
lyzed below is between 0.7 mm and 1.0 mm. In order to minimize print failures due to their small feature
size, they have been oriented perpendicular to the platen. If they were placed in any other orientation,
there are two likely failure modes: If support material is not used, the bridging filament on the high side
of the vent could droop during printing, causing the vent to be blocked. The alternative of filling the
vent with soluble support material is also problematic as the small cross-sectional area would make it
difficult for the solvent to fully enter and dissolve the support, which will also result in a clogged vent.
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Figure 5. 3D printing results: (A) Print configuration overview, (B) Pinna inner surface detail, with supports, (C) Pinna
back surface detail, with supports, (D) Partially-assembled mold, (E) Pinna inner surface detail, supports removed, (F)
Pinna back surface detail, supports removed.

Table 1. Summary of print parameters®.

Primary Support

Filament Filament
Material PLA PVA
Layer thickness 0.05mm 0.05mm
Wall thickness 2.65 mm® n/a
Vertical shell thick. Tmm n/a
Infill 20% Gyroid Hexagonal
Flow rate (max) 17.59 mm?>/s 6.28mm>/s
Print speed 45-140 mm/s 50-120 mm/s
Extrusion width 0.45mm 0.36 mm
Nozzle diameter 0.4mm 0.4 mm
Print head temp. 220°C 200°C
Platen temp. 60°C 60°C

parameters not listed are unchanged from manufacturer’s defaults. "Where possible. Thinner
features are printed as solid material.

2.2.2. 3D printing

The mold and mold box are printed in polylactic acid (PLA) using a Prusa MK4S multi-material fused-
deposition modelling (FDM) printer with the parameters listed in Table 1. We selected a gyroid infill pat-
tern in order to minimize the internal stresses caused by overlapping filament within the infill pattern.
Polyvinyl alcohol (PVA) is used as a support material to ensure the geometric accuracy of the various
overhangs in the mold parts. After printing, the mold parts are soaked in a water bath for several hours
to soften the PVA, which is then removed with a stiff brush. Figure 5 shows the result of the 3D printing
process both before and after support removal. Aside from removing the support material, no post-
processing needs to be performed on the printed parts.

In the course of developing this procedure, we encountered a number of practical issues during the 3D
printing process, mostly relating to the support material. The earliest attempts were without support mater-
ial at all, relying on the printer's ability to produce unsupported bridges; this almost worked, but resulted
in an unacceptable accuracy of overhanging surfaces. It also occasionally produced a drooping loop of
material that would become embedded in the casting if not manually corrected. Printing with solid support
material was also problematic due to the confined spaces in which some support material needed to be
placed. There was no satisfactory way to reach the location with the necessary removal tools.

The PVA soluble support material itself has also been the source of several printing issues, as it has
proved to be quite susceptible to degradation from ambient humidity if improperly stored. This
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degradation has manifested in several different failure modes, the two most common being jamming of
the printer's material-change mechanism and the failure of deposited support material mid-print, caus-
ing the part to move and future layers to be misaligned. These problems were mitigated by storing the
PVA filament in a sealed container, accompanied by dessicant; only small quantities, significantly less
than an entire spool, of the PVA filament are removed from storage and installed on the printer at any
given time.

Other 3D printing issues manifested as part failures during the later processes of support removal
and silicone casting, which can induce significant physical stresses. In some instances, print layers
delaminated during the water bath used to remove support material, presumably due to the PVA
expanding as it absorbed the water. The root cause of this problem proved to be a miscalibration of the
required flow rate for the PLA filament, leaving internal defects from an insufficient quantity being laid
down on each layer. During the casting process, some liquid silicone inevitably finds its way between
the main mold pieces and the mold box, as this is one of the gas escape routes. Overcoming the result-
ing adhesion during the demolding process requires a significant amount of force; if the wall thickness
and/or infill ratio is reduced, the mold itself can fail instead.

2.2.3. Silicone casting
Once the parts have been thoroughly dried, the mold is assembled and held together with tape. The
tape is also used to seal the holes in the bottom of the mold box, which are included to aid the
demolding process. A 2-part silicone with a nominal hardness of Shore 0050 (ASTM D2240-00, 2017) is
injected into the mold manually using a 60cm?® syringe via the injection port at the top (on the back
side of the KEMAR interface). We found that the silicone has sufficiently weak adhesion to the PLA print
material that there was no need to add any release agent to the mold surface. After solidification, some
flashing remains along the mold parting surfaces and vents, which is manually removed.

The most common failure mode for the casting and solidification process is entrapped gasses leaving
voids in the final pinna, and we made several adjustments to our casting process during development
to mitigate this issue:

e We tried several different commercial silicone formulations, and discovered that the key properties
for a successful casting in this application are a low viscosity, which allows the liquid silicone to more
easily flow into the fine details of the mold, and an extended curing time, which allows the
entrapped gasses more opportunity to travel upwards, away from the acoustically-critical regions.

e It is also critical to keep the injection flow rate low, so that the boundary layer inside the mold
remains approximately planar during the injection process. A fast flow rate can cause a local rise
underneath the injection port, which may prematurely cut off gas escape routes and result in a void
in the final product.

e The sharp edges of the mold’s print layers can serve as nucleation sites that hold small gas bubbles
during the injection process; to mitigate this problem, we interrupt the injection process several
times to vigorously agitate the mold (i.e. bang it on the table) in order to break these gas pockets
loose from the surface.

e Once the mold has been fully injected with silicone, it is held under 4 bars of pressure for solidifica-
tion which notably reduces the volume of any remaining internal voids.

2.3. Acoustic measurements

The measurements are performed in an anechoic chamber, which has been certified for free-field acous-
tic measurements (ISO 26101, 2012) for frequencies above 200 Hz. The test stand installed in this cham-
ber, depicted in Figure 6a, consists of a KEMAR mounted on a rotating column and a boom arm with an
attached loudspeaker.

The rotational position of the column, 6, represents the azimuth angle of the emitter to the right of
the KEMAR median plane. The boom arm rotates about a horizontal axis passing through the centroid
of the KEMAR head. The rotational position of the boom arm, ¢, represents the emitter’s elevation angle
above the horizontal plane. Due to mechanical constraints, the range of motion of the elevation axis is
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Figure 6. Acoustic measurements. (A) Photo of test stand, annotated with axes of rotation for azimuth, 0, and eleva-
tion, ¢, coordinates. (B) Frequency-domain representation of a time-windowed 6 kHz+500 Hz excitation wavelet. (C)
Isometric view (above right) of the spatial scan pattern; the lines indicate the measurement sequence, starting with
¢ = 90°; the axes shown represent 8 = 0", ¢p = 0 (red), # = 90", = 0" (green), and ¢ = 90" (blue).

—65 < ¢ < 90". The elevation and azimuth axes are under computer control, driven by stepper motors
with 1 degree steps. The absolute position of these axes is recorded by rotary encoders with an accuracy
of 0.2°, providing a closed-loop control system.

A Genelec 8020 C speaker is attached to the boom such that, at 6 =0, = 0, both elements lie on
the median plane, and the high-frequency element is one meter away from the KEMAR and at the same
height as the boom’s axis of rotation; the effective elevation of the low-frequency element is 5.4 degrees
higher. The cutoff frequency of the low-frequency element is 3 kHz as the most relevant spectral infor-
mation is above 4 kHz, this element should have a minimal effect on the measurements. Similar 2-driver
Genelec speakers have previously been used for HRTF measurements at several research centers, and
this configuration is within the bounds of the standard operating practices that they have established
(Bolanos & Pulkki, 2012; F, 2019).

In prior machine learning experiments, the non-uniform density of a rectangular HRTF sampling pat-
tern, especially around the poles, has been shown to significantly bias the resulting models (Sumner
et al., 2022). Therefore, we elected to use a novel sampling grid with a relatively uniform distribution
over the unit sphere. The {3,5—&—}(,(,,() geodesic polyhedron family (Wenninger, 1979) was chosen for this
purpose because of its straightforward construction and ability to adjust the overall density by altering
the parameter k. We are currently taking measurements with k = 6, which results in 1036 different con-
figurations after removing the low-elevation configurations which are outside the range of motion of
the test stand. The resulting sampling grid is shown in Figure 6¢ in isometric view.

In order to minimize the effects of any ambient noise, we use a time-division approach for taking the
acoustic measurements: The final reported transfer function is a piece-wise assembly of several band-
limited measurements. The excitation signal for these individual measurements is the sinc wavelet
described in Eq. 1 with center frequency fo and bandwidth Af. This formulation of the sinc function can
interpolate between the unit impulse function at Af = 0 and a pure sinusoid at Af = oo; in all cases, the
frequency-domain representation is a rectangular function centered at fy. This interpolation represents a
tradeoff between the time and frequency domains. At one end of the scale, the signal power is concen-
trated at a single frequency but is spread evenly across all time; at the other end, the power is concen-
trated at a single point in time but spread across the entire frequency spectrum. By choosing an
appropriate intermediate value, a physically-realizable time-domain signal that efficiently probes a
desired portion of the frequency domain can be selected.
sin (mAf t)
f{cos (2nfyt) TAF L 0

1, w € [*2nfy — nAf, *2rfy + nAf]
{O, otherwise

We use a wavelet bandwidth of Af = 1kHz, which contains 99.9% of its power in our 200 ms time
slice. This is sampled at 192kHz to minimize the possibility of high-frequency noise being aliased into
the measurement band. We use only data from the central 500Hz of each wavelet in order to minimize
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the effect of the distortion from Gibbs's phenomenon (Bocher, 1906) which occurs near discontinuities
in the frequency domain, as shown in Figure 6b. Gibbs's phenomenon produces a slight distortion
within this region as well, which we compensate for by dividing the received frequency spectrum by the
frequency spectrum of a corresponding time widow of the excitation signal; this is equivalent to per-
forming a deconvolution operation in the time domain. The overall excitation signal is a train of 38
wavelets with center frequencies f € [1kHz, 20kHz]; to minimize interference, the center frequencies of
adjacent wavelets differ by at least 3kHz.

3. Results

Two experiments were conducted to validate the efficacy of the proposed method. The first, described
in Section 3.1, investigates the accuracy and repeatability of our measurement equipment and the
second, described in Section 3.2, investigates the fidelity of our scanning and manufacturing processes
by replicating a commercial KEMAR pinna insert.

3.1. Measurement apparatus validation

We used a pair of commercially produced pinna inserts, GRAS models KB1090 and KB1091, as our con-
trol. The KEMAR acoustic response with these inserts was measured five times. The signal-to-noise ratio
(SNR) of the left channel from each individual (frequency, position) pair was then estimated using the
mean squared over variance method. Figure 7 shows two different projections of this SNR estimate. In
Figure 7a, all the directional measurements for each frequency are grouped together; the line shows the
median SNR, and the shaded regions show the range of the middle 50% and 80% SNR estimates. Across
all frequencies, the 10th percentile SNR was above 7.7 dB and the median SNR was above 16 dB.

There was a notable decrease in the SNR between 4 and 8kHz. For these frequencies, the signal
wavelength is approximately the same size as the pinna. This represents a transition region where the
KEMAR head starts to effectively block acoustic propagation, and pinna geometry effects begin to play a
primary role. As we wish to study these pinna effects specifically, we calculated the high-band
(f > 8kHz) SNR for each measurement; these are shown in Figure 7b. The horizontal axis represents the
azimuth of the measurement, and the color represents the elevation. Within this band, all measurements
had an SNR of at least 18 dB, with the exception of low-elevation reading where the emitter was on the
far side of the KEMAR. The measurements obtained in this adverse situation remained above 12 dB.

3.2. Manufacturing process validation

In order to validate our manufacturing process, we produced a replica of the GRAS left pinna insert;
Figure 8 shows our analysis of the accuracy of this replica, with a visual comparison in Figure 8a. The
replica has a rougher surface texture, caused by the layer thickness of to the 3d printing process, and it
is made of a slightly more pliable material. This extra pliability explains the apparent extra width in the
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Figure 7. Measurement repeatability testing. (a) Calculated signal-to-noise ratio by frequency band, (b) High-frequency
(f > 8kHz) signal-to-noise ratio by measurement direction.
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Figure 8. Comparison of control and replica pinna inserts. (a) Visual comparison, (b) Representative transfer function
0= —86°,</) = —58°), (0 Spectral distortion of replica by frequency, (d) High-frequency (f > 8kHz) spectral distortion
of replica by measurement direction.

visual comparison: With the inserts sitting flat on a table, gravitational deformation causes a slightly dif-
ferent angle to be presented to the camera.

Using the data from the experiment described in Section 3.1 as a control, we replaced the left pinna
with our replica; Figure 8b shows a representative measurement from the replica’s HRTF, recorded from
a sound source that is mostly in-line with the left pinna and from a low elevation. The line shows the
measurement taken from the replica, and the blue shaded area shows a *1c confidence interval
derived from the control measurements. Below 5500 Hz, the replica and the control match each other
quite well. Between 5500 Hz and 17 kHz, the notch frequencies and overall shape are a good match, but
there is some notable deviation in overall amplitude. Over 17 kHz, the replica’s response is 10 dB below
the control’s.

Other directions show a similar pattern, with low frequencies tracking the control very well and high
frequencies deviating somewhat while retaining a similar overall shape and qualitative features. To char-
acterize these deviations, we estimated the Itakura-Saito divergence (R. Gray et al., 1980) d between the
left channel of this measurement and the mean left channel from the apparatus validation measure-

ments, according to Eq. 2.
d:lj X(©) 4109 X9 1) o
21 ) \X(w) X(w) Q)

1 N (X X
NNZH ()A(—,—&- log o 1)

i

This describes a perceptual distortion measure between a true frequency-domain signal X(®) and its
reconstruction )?(w). For our approximation, we take N uniformly-distributed samples over a region of
interest; X; refers to the i sample in the discretized representation of X. The measurement shown in
Figure 8b has a divergence of 0.61, which is higher than that of 95% of all other measurements
recorded in this experiment.

Figure 8c shows the calculated divergence for each frequency sampled over the entire spatial distri-
bution. Above 1500Hz, there is an exponential relationship between the frequency and the distortion
with a power of 2.83. At our maximum analyzed frequency of 20 kHz, this represents a divergence of
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1.0. Figure 8d shows the high-band (f > 8kHz) divergence for each spatial measurement. There is little
correlation between the elevation angle and the amount of signal distortion, but the measurement qual-
ity is slightly better for negative azimuths, where the left side of the KEMAR (which has the pinna under
test) is facing the emitter.

4. Discussion

This study did not characterize or attempt to correct for the spectral response of either the speaker or
the microphones used. However, these effects will be consistent for any data collected with the same
equipment. Therefore, future studies need to take care to either only compare measurements taken on
the same equipment, as has been done here, or normalize the raw data for the equipment’s response
using a procedure similar to that described by Spagnol et al. when collecting an HRTF database with
earlier versions of this equipment (Spagnol et al., 2020, 2021).

The increasing errors at higher frequencies are mildly concerning, and further study is required to
determine the underlying cause of this distortion. Some potential candidates are the stepped surface
texture produced by the FDM printing process, errors introduced by 3D scanning and manual cleanup,
and the different hardnesses of the pinna insert materials.

We plan to use data collected using the method presented here to train machine learning models
which will be able to predict HRTFs. Anticipated challenges in this process were the main driver behind
our selection of a geodesic sampling grid, but this choice also provided some advantages in the analysis
presented here. In particular, the uniform sampling density of the geodesic grid allowed us to simplify
our analysis. Had we used a more-traditional rectangular grid, there would have been a dense cluster of
data samples around the 90" elevation direction, directly above the KEMAR. This would, in turn, have
biased the aggregate measures in our analysis towards effects that occurred in that direction. In order
to present a fair analysis under such circumstances, we would have needed to devise and apply some
kind of corrective factor which would have complicated the analysis considerably.

In the immediate future, we plan to conduct a series of studies to investigate how this process can
be made more efficient without degrading the acoustic results. It is difficult, for example, to obtain reli-
able 3D scans of the geometry on the rear side of the pinna. Replicating it accurately also poses signifi-
cant manufacturing challenges, such as requiring deep undercuts in the mold design. If, as we suspect,
these undercuts can be largely filled in without significantly affecting the acoustic results, the reliability
of every step of our process can be improved: Larger defects in the 3D scan of this difficult area can be
tolerated, the mold design can be simplified from three parts to two, and any entrapped gasses in the
casting can more reliably migrate away from the acoustically-sensitive geometry.

Similarly, the 3D printing parameters themselves can be optimized further. The parameters presented
here represent the highest-fidelity reproduction that our equipment is able to produce. It is likely that
the process efficiency can be increased by adjusting the parameters such that the printing time is
reduced in exchange for less accurate geometry. Increasing the print layer thickness, for example, would
reduce both the printing time and the proportion of print failures due to miscalibration or other envi-
ronmental issues, but it would also degrade the high-frequency acoustic results. Investigating this trade-
off is a promising direction for future studies.

Overall, it is clear that this manufacturing and measurement process is a useful tool for studying
HRTFs: The introduced errors are not biased for or against any particular sound source direction; even at
the highest distortion levels, all of the qualitative features of an HRTF remain, in particular, the overall
envelope shape and the frequencies of the comb filter notches agree between the control and experi-
mental pinnae; and a good measurement SNR is maintained over all frequencies and sound source
directions.

This process opens up the possibility of performing studies that would not have been possible before.
By passing through the digital domain, pinna geometry can be altered before measurement in ways not
possible with either live subjects or physical castings. For example, we can investigate the effects of indi-
vidual anthropometric features on the HRTF while holding all other features constant. If human volun-
teers were relied upon for such a study, the necessary sample size would be infeasibly large in order to
compensate for the effects of the many additional parameters that define the shape of the pinna.
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